ABSTRACT. Sensitive and specific radiochromatographic methods to measure enzymatic activities of carbamyl phosphate synthetase I (CPS I) and ornithine transcarbamylase (OTC) were developed. The activities of these enzymes were assayed in frozen liver tissue obtained from 23 individuals with hyperammonemia caused by C P S I (five patients) and O T C deficiency (18 patients). In addition, livers of one aborted fetus with O T C deficiency and four normal individuals were studied. The assays use radioactive ornithine a s a substrate followed by separation of citrulline formed in the reactions by H P L C and quantitation of the radioactivity in both aminoacids by a radioactivity flow monitor or by a scintillation counter. Both C P S I and O T C assays were linear with respect to length of incubation time and concentration of tissue homogenate. The sensitivity of the methods allowed measurements of C P S I and O T C activities a s low a s 0.1 pmol/g/min on 5 mg of liver tissue and the diagnosis of C P S I or O T C deficiency could be established on a s low a s 0.5 and 0.05 mg of tissue, respectively. C P S I activity in different sections of four normal livers was 3.01 f 0.16 pmol/g/min (mean + SEM, n = 19) and O T C activity was 93.4 + 6.3 (mean + SEM, n = 19).
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Residual enzymatic activity could be detected and measured in the liver tissues of one of the five subjects with C P S I deficiency and in 1 4 of 1 9 subjects with O T C deficiency. OTC/CPS I activity ratio in normal liver tissue was 31.2 + 1.3 (mean f SEM, n = 19), whereas this ratio ranged from 343 to >5000 in C P S I deficient livers and from ~0 . 0 2 to 1.55 in O T C deficient livers. The OTC/CPS I ratio was found to be a reliable parameter for assessing enzymatic deficiency compensating for the observed variability of enzymatic activity between individual samples. OTC/CPS I ratio also seemed to correlate with the severity of disease in enzyme deficient patients. OTC-deficient patients with the highest residual enzymatic activity (1-3% of normal) had a better outcome. These sensitive methods would help to establish the diagnosis of C P S I or O T C deficiency whenever only a very small amount of liver tissue is available and their results could be interpreted even if secondary reduction in the activities of these enzymes occurred due to collection or storage artifacts. Levels of A similar enzyme (CPS 11) is found in the cytosol, uses glutamine rather than ammonia as the amine donor, is not dependent on N-acetylglutamate and catalyzes the first step of de novo pyrimidine synthesis. CPS I has been purified from livers of animals and humans and has been characterized (2, 3) . Carbamyl phosphate formed in the CPS I catalyzed reaction subsequently reacts with the 6-amino group of ornithine to form citrulline in a reaction catalyzed by OTC: carbamyl phosphate + ornithine + citrulline + Pi Despite the CPS protein composing about 20% of the total protein content in the mitochondrial matrix (4), the specific activity of liver OTC in vitro is more than 20-fold higher than that of CPS I (5). OTC has been purified to homogeneity from various sources (6, 7) .
Deficiency of hepatic CPS I or OTC activity causes hyperammonemia which may lead in severe cases to coma and subsequent death or mental retardation (8, 9) . The clinical diagnosis of CPS I deficiency in a hyperammonemic patient is suggested by low or absent plasma citrulline without orotic aciduria, whereas the presence of orotic aciduria suggests OTC deficiency. The definitive diagnosis, however, can be currently established only by enzymatic assays. Most currently available assays for both enzymes use indirect spectrophotometric estimation of citrulline (10, 11) . When CPS I is assayed, the reaction is coupled to that of OTC and citrulline concentration is estimated as the final 7 8 TUCHMAN ET AL product. The spectrophotometric methods have several disadvantages. These are not sensitive enough to measure accurately low residual enzymatic activity. Moreover, the low sensitivity of these assays is limiting with respect to the minimal amount of tissue that is adequate for analysis and does not permit investigation of the enzymatic activities in tissues that have lower activities than liver for diagnosis or prenatal diagnosis of the enzymatic defects. Artifacts can potentially occur when using the spectrophotometric methods because citrulline is not directly measured which may potentially affect the specificity of the method. This study was undertaken to develop more sensitive and specific methods for the measurement of CPS I and OTC activities and to determine residual enzymatic activities in liver tissue of deficient patients. The methods use radioactive ornithine, separation of citrulline and ornithine by HPLC and quantitation of the radioactive citrulline by RFM. Liver Tissue. Frozen normal human liver tissue used in this study was obtained through the University of Minnesota "Liver tissue procurement and distribution system" by NIH contract. The livers were frozen shortly after harvesting in liquid nitrogen or were maintained for less than eight hours in a buffered solution (Wisconsin solution), after which sections of the liver were flash frozen in liquid nitrogen and stored at -80°C from 3 days to 3 y until analysis. Liver tissue samples from patients with inherited deficiencies in the activities of CPS I or OTC were obtained surgically or immediately after death, frozen in liquid nitrogen and stored at -80°C at the University of Minnesota or the Johns Hopkins Hospital. Storage time until analysis ranged from 1 d to 3 y. Eighteen of the patients studied were previously diagnosed enzymatically using spectrophotometric assays, however, their precise residual enzymatic activity was unknown. The other six patients were newly diagnosed by the assays described here. The specific diagnoses of all patients were unknown to the persons who developed and performed the assays until the conclusion of the study.
MATERIALS AND METHODS

Materials
Preparation of Liver Homogenate. Sections of frozen liver were weighed and homogenized in 0.075 M KC1 aqueous solution on ice by a Polytron apparatus using two 20-s cycles with a 60-s interval. The initial dilution of the homogenate (10% w/v) was used to assay CPS I. For assays of OTC, further 10-fold dilution (1 % w/v) was performed. The tissue was homogenized less than 30 min before incubation and the enzymes in the homogenate were stable for several hours when kept at 0-4°C.
Enzyme Assays. CPS I. The reaction was performed in a 2-ml tightly capped glass vial and the reaction mixture contained: 75 mM ammonium bicarbonate, 20 mM ATP, 40 mM MgCl,, 5 mM N-acetylglutamate, 5 mM L-[l-'4C]ornithine (5 pCi/ml), 5 U/ml of purified OTC enzyme and 50 p1 of 10% liver homogenate (5 mg of tissue/assay), all dissolved in 500 p1 50 mM HEPES buffer, pH 7.3. Control reaction mixtures were identical except for containing liver homogenate previously boiled for 1 min. The reaction was started by addition of liver homogenate and after incubation for 15 min at 37°C it was terminated by addition of 40 pl of 30% trichloroacetic acid. The precipitated protein was removed by centrifugation, the reaction mixture supernatant was filtered through a 0.2-pm filter and a 25-p1 aliquot was injected into the HPLC.
OTC. The reaction mixture contained 5 mM carbamyl phosphate, 5 mM L-[1-14C]ornithine (5 pCi/ml), and 50 p1 of 1% liver homogenate (0.5 mg of tissue/assay) dissolved in 500 p1 70 mM HEPES buffer pH 7.3. The incubation was terminated after 5 min. All other conditions of the reaction were identical to those of the CPS I assay. Radiochromatographic separation and quantitation. L-citrulline formed during the CPS I and OTC reactions was separated from L-ornithine by HPLC (1090 liquid chromatograph, Hewlett Packard, Avondale, PA) using a 15-cm long, 5-pm particle size, 4,6-ID NH2 column (Econosphere NH,, Alltech Associates, Deerfield, IL). A binary solvent system was used consisting of acetonitrile/H20 500170 v/v (solvent A) and 0.02 M Na-phosphate in water, pH 4.2 (solvent B). The solvent program was I ) 0 min, 95 % solvent A, 5 % solvent B; 2) 0-15 min, linear gradient up to 50% solvent A, 50% solvent B; 3) 15-25 min linear gradient up to 30% solvent A, 70% solvent B. Column temperature was 40°C, flow rate 1 ml/min. Detection of the "cold" standards was by UV absorption at 205 nm wave length. Radioactive peaks of [I4C] labeled compounds were detected and quantitated by the radioactivity flow monitor (Radiomatic Instruments Co., Tampa, FL) connected to the HPLC outflow, employing a 250 p1 flow-cell and scintillation fluidlehate ratio of 411. The reaction product, ~-[l-~~C]citrulline was separated from [l-14C]ornithine and their radioactivity was quantitated. The specific enzymatic activities were calculated from the amount of labeled citrulline generated from labeled ornithine during the reactions and were expressed in pmol/g tissue/min. The mean counting efficiency of the RFM for [I4C] was about 90%. Using a 250-p1 counting cell and a scintillation fluidlehate ratio of 4.0, the SD of the counts observed in the citrulline peak on repeated injections of normal samples was less than *2%. In samples with low residual enzymatic activities the citrulline peak was also collected and counted in a scintillation counter for 2 min.
The linearity of the citrulline amounts generated in CPS I and OTC reactions with respect to incubation time was determined as follows. Six identical CPS I assay preparations each containing 5 mg of liver homogenate and another six OTC assay preparations each containing 0.5 mg were stopped at 0, 5, 10, 15, 20, and 25 min and the citrulline generated was determined as described above. To estimate the linearity and sensitivity of these assays, enzymatic activity was determined for a range of 1 to 5 mg of tissue/assay for CPS I incubated for 15 min and 0.1 to 0.5 mg/assay for OTC incubated for 5 min.
To study the reproducibility of the radiochromatographic method at low enzyme activity levels, two groups of five identical OTC assays of liver tissue of one patient with OTC deficiency were tested. Assay mixtures of one group contained 5 mg of liver tissue each (1 % dilution of liver homogenate), whereas those of the second group contained 0.5 mg (0.1% dilution of liver homogenate).
These studies have been reviewed and approved by the Institutional Review Board On The Use of Human Subjects In Research at the University of Minnesota.
RESULTS
The HPLC-RFM system used in this study separated efficiently L-ornithine from L-citrulline with 8-min difference in the retention times between the two peaks (Fig. I) .
Initially we have attempted to use [14C]sodium bicarbonate as the labelled substrate for CPS I, however, we obtained low and variable counts in the citrulline due to spontaneous decomposition of labeled bicarbonate to C 0 2 which amounted to 50% or more in 20 min at 37°C. This disappearance of radioactivity was not prevented by the addition of 50 pM acetazolamide (carbonic anhydrase inhibitor) and occurred also in control samples. Use of L-[l-'4C]~rnithine instead resulted in reproducible and much higher citrulline counts.
Termination of the enzymatic reactions by boiling was initially attempted but in the controls of the OTC reaction, it resulted in liver. Both reactions appear relatively linear with time. The highest specific activity for OTC 145.8 pmol/g/min was in the first 5 min of incubation falling to 98.0 pmol/g/min by 25 min of incubation. However, the sp act of CPS I was similar up to 15 min of incubation, 4.45 + 0.22 (mean + SEM) pmol/g/min falling slightly to 3.75 pmol/g/min between 15 and 25 min. Figure 3 shows that increments in the concentrations of liver tissue homogenates resulted in a linear increase of citrulline radioactivity generated during CPS I and OTC assays. The sensitivity of this method can be estimated from the citrulline counts of the above experiment. Assuming linearity of citrulline counts, CPS I activity should be easily measurable using only 0.5 mg of liver tissue with normal enzymatic activity and assays for OTC activity may be performed on as little as 0.05 mg of tissue. Activity as low as 0.1 pmol/g/min for CPS I and OTC could be reliably measured in 5 mg of enzyme deficient liver.
The reproducibility of the radiochromatographic assays system was examined on liver tissue of one OTC-deficient patient using five identical assay mixtures containing 5 mg of tissue each and another five mixtures containing 0.5 mg of tissue each. The results obtained were 2.96 + 0.07 pmol/g/min (mean f SEM, n = 5) and 2.30 f 0.09 pmol/g/min (mean + SEM, n = 5), respectively.
The enzymatic activity of CPS I and OTC of normal frozen liver tissue is shown in Table 1 . CPS I activity in several different sections of four normal livers was 3.01 + 0.16 pmol/g/min (mean + SEM, n = 19) and OTC activity was 93.4 + 6.3 (mean + SEM, n = 19). OTC/CPS I activity ratio was 3 1.2 f 1.3 (mean + SEM, n = 19) and seemed to have a lower degree of variability than either enzymatic activity. Moreover, despite low enzymatic activities in the cirrhotic liver the OTC/CPS I ratio remained within the normal range. Normal liver 4 was stored for 3 y, yet it still had high enzymatic activities. This liver was removed from a brain dead patient whose kidneys were donated for transplantation and his vascular perfusion was optimal until the liver was harvested and immediately frozen in liquid nitrogen. Liver 3 was stored for close to 100 days until analysis and also had high enzymatic activities. It was immersed in cold buffered solution immediately after harvest and maintained in that solution for 8 h until deep freezing. However, livers 1 and 2 were not frozen immediately after harvest and despite shorter storage time, their enzymatic activities were the lowest. Liver 2 also showed marked variability of enzymatic activity between the different sections which may be explained by variable degree of segmental necrosis.
The enzymatic deficiency established by the radiochromatographic CPS I and OTC assays proved to be identical to the previously known diagnosis in all patients with enzyme defects in whom a diagnosis was previously made. The OTC/CPS I ratio proved to be a reliable parameter for establishing the correct diagnosis. For example, samples from patients 7, 15, and 16 (Table 3) were initially assessed to be inadequate for analysis due 5 Anti-trypsin deficiency.
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Amount of tissue (mg) Fig. 3 . Effect of tissue homogenate concentration (mg/500 p1) on generation of L-[l-'4C]citrulline from L-[l-14C]ornithine during CPS I and OTC reactions as determined by the radiochromatographic method. The 15-or 5-min incubation time length was used for the CPS I and OTC assays, respectively, other assays conditions were as described in "Materials and Methods." RESIDUAL HEPATIC CPS I AND OTC ACTIVITY 8 1 to extremely low amounts of liver material or problems with homogenization, however, in spite of low enzymatic activities (10% or less of normal) of the unaffected enzyme (CPS I), the OTC/CPS I activity ratios clearly indicated OTC deficiency which proved to be the correct diagnosis of all three patients.
The enzymatic activities and outcome of patients with CPS I deficiency are summarized in Table 2 . Patient 4 was the only one with measurable residual enzymatic activity and the lowest OTC/CPS I activity ratio and survived on medical therapy alone. However, he was treated prospectively because of a history of a previously affected sibling. The only other patient that survived (no. 3) did poorly and orthotopic liver transplantation was performed as an alternative therapy. He had unmeasurable CPS I activity in his liver. Table 3 summarizes the results of patients with OTC activity. Patient 1 had the highest residual enzymatic activity and the highest OTC/CPS I ratio. He did not have congenital hyperammonemia and his recurrent hyperammonemia episodes are relatively mild. Patient 2 has relatively high residual enzymatic activity and higher OTC/CPS I ratio than most other patients; also he did not have neonatal hyperammonemia. He presented with "Reye-like" disease and mild hyperammonemia at the age of 2 y and is now alive and well. Patient 3 did not have neonatal hyperammonemia, he developed well until 4 mo of age when he presented in hyperammonemic coma, he was successfully treated and is alive. Patient 4 was apparently "healthy" until the age of 6 y when he developed hyperammonemic coma and died. Patient 14 with relatively high OTC/CPS I ratio survived for 3 y, whereas most patients with ratios of less than 0.1 died in the neonatal period. The relatively high ratio in the liver of patient 15 may not be accurate due to artificially low enzymatic activities as indicated by low activity of the unaffected enzyme (CPS I).
DISCUSSION
The availability of highly sensitive and specific enzyme assays for CPS I and OTC is advantageous with respect to diagnosis and research of these hyperammonemic syndromes. The radiochromatographic assays for diagnosis of an enzyme deficiency would be reliable even with 0.5 mg of tissue for CPS I and 0.05 mg for OTC. This high sensitivity enables diagnosis of these disorders in a newborn using one needle biopsy puncture. To reliably measure residual enzymatic activity as low as 0.1 pmol/ g/min, a minimum of 5 mg of liver tissue is required. Liver tissue for residual enzyme activity measurement should be assayed as soon after harvest as possible to minimize denaturation of unstable enzyme protein.
Previously reported assays employing radioactive substrates which did not separate the radioactive product, relied on the complete elimination of the substrate radioactivity by acidification and boiling before determining the residual radioactivity assumed to be in the reaction product, citrulline or its derivative hydroxyurea (1 1-13). These methods have two main shortcomings: first, errors can occur when elimination of the radioactive substrates is not complete (e.g. when using higher specific radioactivity to improve sensitivity) and second, unstable radioactive substrates such as bicarbonate or carbamyl phosphate have been used which may degrade spontaneously during incubation (14) . 
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Labeled ornithine has been used before to assay OTC activity but the separation of substrate and product was performed by thin-layer chromatography (15) . The methods described herein avoid these disadvantages by using radiolabeled ornithine and measuring citrulline radiometrically after chromatographic separation. These sensitive methods are also highly reproducible at low enzyme activity levels and can therefore be used to measure residual enzymatic activity which may prove to be a useful parameter for prediction of prognosis. It is feasible that the separation of ornithine and citrulline by ion exchange could be achieved without HPLC using small gravity columns, however we have not attempted to study this approach. High enzymatic activity for both CPS I and OTC was observed in a normal liver stored for 3 y. However, lower enzymatic activities were found in liver tissue stored for much shorter times. We conclude from our results of normal liver tissue that length of storage may not be the most important factor determining enzyme stability but rather the method of harvesting or the condition of the liver when harvested may be more important in this regard. The range of OTC/CPS I ratios in normal liver tissue have been determined to enable use of the non-deficient enzyme activity as an internal control. As shown in our results, despite low CPS I and OTC activities in a liver with severe cirrhosis, their activity ratio remained normal. This may indicate that similar proportions of CPS I and OTC activities occur in such conditions. Thus, the OTC/CPS I ratio would be particularly useful for the diagnosis of CPS I and OTC deficiency when secondary loss of enzymatic activities occurs due to tissue necrosis or inadequate sample collection.
The results obtained from the analysis of enzyme-deficient liver tissues showed that the OTC/CPS I ratio was diagnostic in each tissue sample examined. Although there seems to be an inverse correlation between residual enzymatic activities and outcome, these patients were not treated uniformly at the various medical facilities, a fact that could significantly affect their outcome. However, none of the four OTC-deficient patients with residual OTC activity between 1 and 3% of normal has had neonatal hyperammonemia and their outcome was generally better than the other patients. Based on these results, we postulate that patients with residual OTC activity levels as low as 1-3% of normal may have a better prognosis than patients with a complete enzyme deficiency. It is also possible, however, that some mutant enzymes are unstable and rapidly lose their activities during storage or during incubation of the assay mixtures, resulting in the underestimation of their in vivo enzymatic activities.
CPS I and OTC activities are expressed also in the intestinal mucosa (1 6, 17), however, their expression in other tissues is controversial. Some authors have suggested the presence of enzymatic activity in leukocytes, however, this was refuted by others (1 8-20). The method described herein could prove useful to resolve the controversy regarding expression of CPS I and OCT in easily obtainable tissue as bell as for investigating the presence of their activity in chorionic villus for the purpose of prenatal diagnosis.
